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In mammals, the Golgi complex is structured in the form of a continuous membranous system com-
posed of stacks connected by tubular bridges, the ‘‘Golgi ribbon”. At the onset of mitosis, the Golgi
complex undergoes a multi-step fragmentation process that is required for its correct partition into
the dividing cells. Regulation of Golgi fragmentation and cell cycle progression appear to be pre-
cisely coordinated. Here, we review recent studies that are revealing the fundamental mechanisms,
the molecular players and the biological signiﬁcance of the mitotic inheritance of the Golgi complex
in mammalian cells.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The Golgi complex has an essential role in lipid biosynthesis,
protein modiﬁcations, and sorting and transport of proteins [1].
Although this basic role is conserved throughout evolution, the
structural organization of the Golgi apparatus shows different lev-
els of complexity among different species. For example, in the
yeast Saccharomyces cerevisiae, the Golgi membranes are organized
as isolated and dispersed cisternae [2]. On the contrary, in most
other eukaryotes the cisternae are closely piled-up to form stacks.
While in protozoa and plants these Golgi stacks are dispersed
throughout the cytoplasm [3,4], in mammalian cells the individual
Golgi stacks are connected laterally by membranous tubular
bridges, known as ‘‘non-compact zones” [5]. As a result, these Golgi
stacks form a continuous membranous system, the Golgi ribbon,
which is localized in close physical proximity to the centrosome
at the cell centre [6].
The mechanism of mitotic inheritance of Golgi membranes is
also cell-type-speciﬁc. Golgi membranes of yeast and plant cells
do not go through any apparent structural change during buddingchemical Societies. Published by E
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doplasmic reticulum; ERK1,
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ase 1; MTOC, microtubule
te of Genetics and Medicine
y. Fax: +39 081 6132277.[2] or cell division [4], respectively. In contrast, mammalian cells
fragment their Golgi membranes during mitosis and the dispersed
fragments are inherited by the daughter cells [7]. What is the evo-
lutionary reason that makes Golgi structural organization and
inheritance in mammalian cells so elaborate? We will here discuss
the recent ﬁndings about the mechanisms and the biological rele-
vance of this process, with a particular focus on mammalian cells.2. Golgi organization and function in mammalian cells
The Golgi ribbon appears to be a dynamic structure regulated by
the complex and coordinated action of several different factors,
some dedicated to its maintenance, and some others to its break-
down. Among the maintenance factors there are several coiled-coil
proteins known as golgins and the Golgi-associated proteins
GRASP55 and GRASP65, which are peripheral membrane proteins
ﬁrst identiﬁed as Golgi stacking factors in an in vitro Golgi assem-
bly assay [8]. The golgin and the Golgi reassembly and stacking
protein (GRASP) group of proteins are thought to form a structural
skeleton (or ‘‘Golgi matrix”), which maintains Golgi structure and
function [9]. Moreover, the ribbon organization of Golgi apparatus
requires also an intact microtubule and actin cytoskeleton, special-
ized cytoskeleton-based motors [10] and a constant membrane in-
put from the endoplasmic reticulum (ER) [11].
Thus, an important question here is the advantage for mam-
malian cells of maintaining the complex organization of stacks
interconnected into a ribbon. Although the lack of a stacked orga-
nization of Golgi cisternae in some organisms, such as thelsevier B.V. All rights reserved.
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absolutely essential for Golgi function, the stacked Golgi organiza-
tion is an universal feature of all metazoan eukaryotes and of
many unicellular eukaryotes [3]. This suggests that stacking has
evolutionary favourable functional consequences. For example,
the close arrangement of cisternae might increase the rate of car-
go transport from one cisterna to another [12]. Moreover, an or-
dered stack of cisternae could increase the efﬁciency of the
post-translational modiﬁcations of cargo proteins as they pass
from cisterna to cisterna. Indeed, the enzymes that modify the
N-linked oligosaccharides bound to many cargo proteins are dis-
tributed across the stack (in the cis to trans direction) in the order
in which they operate [13].
An additional question is the role of the ribbon organization of
the Golgi complex. In fact, even if it has been proposed that the rib-
bon organization could increase the efﬁciency of glycosylation of
secretory proteins by allowing a rapid and uniform distribution
of Golgi enzymes among the stacks [14], the rate of membrane
trafﬁc and glycosylation are not appreciably changed when the
Golgi is artiﬁcially reorganized into isolated stacks [11]. This im-
plies that the ribbon organization might serve functions that are
not restricted to protein glycosylation and cargo carrier formation.
Indeed, a number of recent ﬁndings focused on the role of the
pericentrosomal positioning of the mammalian Golgi apparatus
might provide clues about the biological signiﬁcance of the ribbon
organization. A recent study focused on the Golgi matrix proteins
GMAP210 and Golgin-160 has shown that siRNA-mediated deple-
tion of either golgin caused the loss of pericentrosomal positioning
of the Golgi apparatus without affecting the overall secretion rate
[15]. Nevertheless, the cells failed to polarize when stimulated by
scratch wounding. Membrane trafﬁc was not focused in the direc-
tion of the wound edge and the centrosome failed to orient toward
the wound edge. Further, directionally persistent cell migration
was inhibited such that wound closure was impaired [15]. These
ﬁndings not only reveal novel roles for Golgin-160 and GMAP210
in conferring membrane motility but also indicate that Golgi posi-
tioning has an active function in directed secretion, cell polarity
and wound healing. Since pericentrosomal positioning of the Golgi
complex is a prerequisite for the ribbon formation, these results
could suggest that the ribbon organization is essential for direc-
tional protein transport and, therefore, for the cell functions that
necessitate targeted delivery of cargo.
In addition, although freely migrating ﬁbroblasts not always
show a Golgi apparatus polarized in the direction in which they
are moving [16], it has been recently demonstrated that the estab-
lishment of cell polarity in a wound assay involves the reorienta-
tion of the Golgi complex and the microtubule organizing centre
(MTOC) towards the leading edge of the migrating cells. These
processes require the phosphorylation of S277 of the golgi matrixFig. 1. Morphology of Golgi membranes through the cell cycle in HeLa cells. In S phase,
continuous perinuclear formation. During late G2 (identiﬁed by the staining patterns of
objects. Then, in prophase/prometaphase, the pericentriolar Golgi stacks break-down into
fragmentation and are found diffusely dispersed throughout the cytosol (mitotic Golgi hprotein GRASP65 by EGF-stimulated extracellular-signal-regulated
kinase 1 (ERK1), to induce partial and transitory Golgi fragmenta-
tion [17]. These ﬁndings might lead to the conclusion that, while
Golgi remodelling is indispensable for Golgi reorientation in re-
sponse to polarization cues, the establishment of a ribbon organi-
zation could be necessary for the polarized secretory trafﬁc.
Altogether, these observations could suggest that the ribbon
organization is of crucial importance for the Golgi complex to func-
tion as a trafﬁcking hub that can respond to various signalling in-
puts and thus sort newly synthesized proteins to their
appropriate destinations. Nevertheless, whether and how polarized
trafﬁc and ribbon organization are functionally coordinated re-
mains to be elucidated.
3. Inheritance of Golgi membranes
One additional intriguing feature of the Golgi ribbon is the
mechanism of its mitotic inheritance. This involves the progressive
and reversible disassembly of the ribbon into dispersed fragments
(Fig. 1), to allow the correct partitioning of the Golgi membranes
between daughter cells [18–20]. A number of molecular players
have been characterized through in vitro assays of Golgi mitotic
fragmentation and reassembly. These include numerous kinases,
such as Cdc2, Raf1, mitogen-activated protein kinase kinase 1
(Mek1), Erk1c, Vrk1, Plk1 and Plk3 [19,21–26], the ﬁssioning pro-
tein C-terminal-binding protein 1, short form/brefeldin-A-depen-
dent ADP-ribosylation substrate (CtBP1-S/BARS) (henceforth
referred to as BARS) [27], several golgi matrix proteins, including
GM130, GRASP65 and GRASP55 [28–31], and protein complexes
involved in membrane fusion [32,33]. The cytoskeleton may also
have a role in Golgi reorganization during mitosis, since microtu-
bules appear to guide the movement of Golgi fragments from pro-
phase till metaphase [34] and to be required for full disruption of
Golgi clusters during metaphase [35].
3.1. Severing of the ribbon in G2 is the ﬁrst Golgi fragmentation step
Recent independent studies focussed on the role of BARS and
Mek1 in Golgi partition have shown that the ﬁrst modiﬁcation of
the Golgi structure that is relevant to mitosis consists of the frag-
mentation of the non-compact zones of the Golgi ribbon (Fig. 2).
This occurs in G2 and results in the formation of isolated Golgi
stacks or small groups of stacks, which however maintain an over-
all intact morphology and remain clustered in the perinuclear area
(Figs. 1 and 2) [36,37]. These morphological effects are quite subtle,
explaining why they were not detected earlier.
The cleavage of the non-compact zones is inhibited by a vari-
ety of treatments that block the activities of the ﬁssion-inducing
protein BARS or the kinase Mek1 (Fig. 2): injection of a dominant-the Golgi ribbon (labelled with an anti-giantin antibody; green) appears as a large
an anti-phosphorylated-H3 antibody; red) the Golgi ribbon is severed into discrete
smaller fragments and, ﬁnally, in metaphase the Golgi membranes undergo further
aze).
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Fig. 2. The Golgi ribbon undergoes sequential fragmentation during mitosis in
mammalian cells. Schematic representation of the partitioning of the Golgi complex
during mitosis. During interphase the Golgi complex is in the form of a ribbon that
is usually located around the microtubule organizing centre (red circle), near to the
nucleus. During G2, the actions of BARS, the GRASPs and Mek1 convert the ribbon
structure into isolated stacks; the severing of the ribbon in G2 is required for entry
into mitosis. At the onset of mitosis (prophase), the isolated stacks undergo further
fragmentation through the action of Plk1 and Cdk1. At metaphase, the Golgi
membranes appear ﬁnely dispersed (haze). The disassembly of the Golgi stacks
might be permissive for the release from the Golgi membranes of proteins involved
in chromosome segregation and cytokinesis.
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inhibitors, and Mek1 depletion by RNA interference [36,37].
Importantly, these treatments cause cell cycle arrest in G2, indi-
cating that the ribbon cleavage is an essential step for mitotic
ingression. In line with this conclusion, both BARS and Mek1 be-
come superﬂuous for mitotic entry in cells that already have their
Golgi membranes organized as isolated stacks (either in ﬁbro-
blasts from BARS–knock-out embryos or through experimental
manipulation) [36,37]. Thus, although ribbon cleavage into stacks
is a minimal structural modiﬁcation, it is of great functional sig-
niﬁcance, in that it controls the entry into mitosis. Moreover, also
the functional block of the Golgi matrix proteins GRASP55 [31]
and GRASP65 [29] (through injection of blocking antibodies of
dominant-negative mutants) leads to a G2 block, suggesting that
also these two proteins are involved in the G2-specifc cleavage of
the ribbon (Fig. 2), although their precise function is still debated
(see below). Altogether, these ﬁndings have provided evidence for
a ‘Golgi mitotic checkpoint’ that is dedicated to linking the state
of assembly of the Golgi complex with the process of entry into
mitosis.
The kinase Raf1 activates Mek1 for Golgi fragmentation and mi-
totic entry [38]. The Mek1 downstream targets involved in Golgi
fragmentation are Plk3 [24], Erk2 [39] and Erk1c, which is an
Erk1 splice variant that is localized at the Golgi complex and is in-
volved in Golgi fragmentation [25]. Plk3, which is localized at both
the mitotic spindle and the Golgi complex [24], mediates Golgi
fragmentation though the Vrk1 [26]. Since Plk3, Vrk1 and Erk1c
are downstream of Mek1, they could be involved in the G2-speciﬁc
severing of the ribbon (Fig. 2); nevertheless, their precise role re-
mains to be determined.BARS is a membrane ﬁssion protein that has been implicated in
several intracellular membrane transport steps, including the for-
mation of post-Golgi transport carriers and the retrograde trans-
port of the KDEL-receptor to the ER [40]. However, the severing
of the ribbon is restricted to the G2-phase of the cell cycle [36],
indicating a G2-speciﬁc activation of BARS.
GRASP55 and GRASP65 are two Golgi-associated proteins ﬁrst
identiﬁed as Golgi stacking factors in an in vitro Golgi reassembly
assay [8]. Both GRASPs are able to form homodimers, which can fur-
ther associate into huge complexes in vitro, suggesting that dimers
that are located on adjacent cisternae can associate in trans to hold
the membranes together and to direct the formation of the Golgi
stacks and of the ribbon organization [41,42]. Since trans-oligomer-
ization is inhibited by phosphorylation, this could suggest that
G2-speciﬁc phosphorylation events would impair membrane
cross-bridging by GRASPs trans-oligomers and, as a consequence,
this would block the homotypic membrane fusion required for
Golgi ribbon formation. Nevertheless, the extent to which the
GRASPs participate in the maintenance of the Golgi structure has
been questioned (see [9] and references herein), and it remains to
be established whether the GRASPs have a regulatory rather than
a structural role in Golgi ribbon maintenance/formation.
Although a generally accepted view of the mechanism and reg-
ulation of ribbon break-up is still missing, the existing evidence
suggests that the steady-state structure of the Golgi ribbon is the
result of a dynamic equilibrium between factors that operate in
its break-down and in its maintenance. Thus, we can hypothesize
that G2-speciﬁc kinases control different steps during G2, driving
the equilibrium towards ribbon break-down through the activation
of BARS and the inactivation of maintenance factors. How the func-
tions of the G2-speciﬁc kinases (i.e., Mek1/Erk, Vrk1, Plk3), of the
GRASPs and of BARS are coordinated remains the focus of future
investigations.
3.2. Disassembly of the Golgi stacks is the second Golgi fragmentation
step
At the onset of mitosis, the isolated Golgi stacks resulting from
the severing of the ribbon are ﬁrst broken-up into scattered tubu-
lo-reticular membranes, and then further fragmented and dis-
persed throughout the cytoplasm, appearing as a ﬁne dispersed
‘‘haze” (Fig. 2) [19]. The structure of these fragments, and the
mechanisms by which they are inherited by the two daughter cells,
have been explained with two distinct models.
The ﬁrst model predicts that the Golgi complex does not have
its own unique identity, but is in dynamic equilibrium with the
ER [20,43]. In this case, Golgi disassembly would be the conse-
quence of the block of membrane transport that occurs during
mitosis. This would be mediated by inactivation of Arf1 and Sar1,
which are two small GTPases that operate at the ER/Golgi interface
[20]. Sar1 inactivation during prophase is mediated by the kinase
Cdc2. This inactivation would cause a reduction of membrane
and protein export from the ER [44,45]. As a consequence, the Golgi
resident proteins (that, according to this theory, cycle between the
Golgi complex and the ER) would not be anymore able to be trans-
ported form the ER to the Golgi, causing a progressive accumula-
tion of Golgi membranes in the ER. The rate of this accumulation
would be further enhanced by an increased transport of Golgi pro-
teins to the ER that is stimulated by the dissociation of Arf1 from
the Golgi complex during the initial phases of mitosis [46]. Accord-
ing to this model, Golgi inheritance is mediated by the ER [47]. At
mitotic exit, membrane transport would resume, and this would
help to re-establish the usual interphase Golgi structure and func-
tion [48].
The second model postulates that the inheritance of the Golgi
complex is achieved independently of the ER. Thus, the Golgi
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after mitosis [49]. The key aspect for Golgi disassembly in this
model is the kinase-mediated disruption of membrane tethering
complexes [18]. Therefore, the Golgi stacks are fragmented until
an endpoint of vesicles and tubulo-vesicular clusters is reached.
These fragments then partition between the two daughter cells
by an active process that is independent of the ER [34,50–53]. Golgi
reassembly at the end of mitosis would require the inhibition of
mitotic kinases and an inverted series of events.
To try to address this issue, two different ‘‘ER trapping” assays
for Golgi resident proteins or cargo reporters have been set-up,
reaching opposing conclusions [48,54]. Nevertheless, several ﬁnd-
ings support the ER-independent partitioning model. Indeed, mito-
tic Golgi fragments were found to accumulate around the spindle
poles while the ER was excluded from the spindle area [53]. In
addition, the accuracy of Golgi inheritance is higher than expected
for a stochastic process, suggesting that an active, regulated parti-
tioning mechanism is involved [34]. In this respect, a recent report
provides a strong case in favour of a spindle-dependent inheritance
of the Golgi ribbon, suggesting that at least a fraction of the Golgi
proteins could be inherited independently of the ER. Seemann and
co-workers have conceived a strategy to induce the cells to divide
asymmetrically, with the spindle inherited by only one of the
daughter cells [55]. Interestingly, polarized and secretory compe-
tent Golgi stacks reformed in both daughter cells. However, the
Golgi apparatus reassembled into a ribbon only in the cell that
inherited the spindle, while the stacks in the spindle-deprived cell
remained scattered throughout the cytoplasm. The ribbon could be
restored by injection of puriﬁed spindle proteins together with
Golgi protein extracts [55], indicating that spindle-associated ‘‘rib-
bon determinants” are segregated together with the spindle. These
ﬁndings suggest that the Golgi membranes can be inherited by two
mechanisms, spindle-dependent partitioning of ribbon determi-
nants and spindle-independent inheritance of functional stacks.
The identity of the ribbon factors and the underlying mechanisms
remain to be deﬁned.4. Coordination of Golgi fragmentation with the cell cycle
4.1. Why is the severing of the ribbon necessary for G2/M transition?
Although the cleavage of the ribbon into stacks is a minimal
structural modiﬁcation, it is of great functional signiﬁcance, since
it is required for entry into mitosis. As this cell cycle block is not
due to activation of the DNA damage checkpoint [27,29], the ‘‘Golgi
checkpoint” should sense the integrity of the Golgi complex
through a novel mechanism. Although how Golgi fragmentation
controls mitotic progression remains to be determined, these ﬁnd-
ings have revealed a regulatory relationship between organelle
inheritance and signalling pathways that regulate cell division.
A number of reasons can be predicted for the requirement of
severing of the Golgi ribbon for mitotic ingression. One, for exam-
ple, is that an equal partition of Golgi membranes and proteins is
critical for the function of the daughter cells. Therefore, the mini-
mal partitioning unit that is suitable for the formation of two pools
of Golgi membranes, which can be equally inherited by the daugh-
ter cells, is represented by a single stack or by a group of 2–3 stacks
[36]. Another possibility is that the severing of the ribbon could be
functionally connected to centrosome duplication and maturation.
The cyclin B-Cdk1 complex is the master regulator of entry into
mitosis [56]. The ﬁrst activation of cyclin B-Cdk1 occurs at the cen-
trosome during G2, concomitant to centrosome separation [57].
Since the Golgi complex is tightly associated with both the micro-
tubules and the centrosome [6,34], an undivided Golgi ribbon
might physically prevent the correct centrosomal activation ofmitotic kinases, which begins in G2 and is necessary for entry into
mitosis [58], hence indirectly causing the G2 block.
4.2. Role of the fragmentation of the Golgi stacks
An additional question is the role of the disassembly of the Gol-
gi stacks. Indeed, many non-mammalian cell types that do not
have Golgi stacks organized into a ribbon structure, such as plant
and Drosophila embryo cells, undergo cell division without disas-
sembling the stacks [19]. Moreover, other organelles in mammals
(the ER, for example) do not undergo fragmentation and are sliced
into two parts during late prophase [59,60]. Therefore, also the sec-
ond step of Golgi fragmentation in mammals (the disassembly of
the isolated stacks), might be associated to events that are neces-
sary for cell cycle progression. Indeed, during prophase (i.e., after
the Golgi checkpoint has been passed) the stacks are disassembled
[18] and this correlates with the release from the Golgi membranes
of Arf1 and a set of peripheral proteins [46]. Although some evi-
dence suggests that a complete disassembly of the stacks might
not be required for mitotic progression [61], when Arf1 release is
blocked, the cells exhibit strong defects in chromosome segrega-
tion and formation of the cytokinetic furrow [46]. Thus, Golgi dis-
assembly might cause the release of a set of Golgi-localized
proteins that acquire speciﬁc functions during mitosis. For in-
stance, the fraction of clathrin that dissociates from the Golgi com-
plex during mitosis concentrates at the spindle apparatus, where it
is required to stabilize the ﬁbres of the mitotic spindle and to aid
congression of chromosomes [62]. The Rab6A’ GTPase regulates a
retrograde transport route via the Golgi complex in interphase, is
also released during Golgi disassembly. When the function of
Rab6A’ is altered, the cells are blocked in metaphase with the
Mad2-spindle checkpoint activated, suggesting that Rab6A’ may
participate in a pathway involved in the metaphase/anaphase tran-
sition [63,64]. At the onset of mitosis, Cdk1 phosphorylates the
peripheral Golgi protein Nir2, which dissociates from the disas-
sembled Golgi and localizes to the cleavage furrow and midbody
during cytokinesis. The phosphorylated Nir2 then recruits Plk1 at
the cleavage furrow [65]. Finally, ZW10, which has been initially
identiﬁed as a component of the mitotic spindle checkpoint, func-
tions in ER-to-Golgi trafﬁcking in interphase [66], suggesting a link
between the spindle checkpoint and ER-to-Golgi trafﬁcking.
4.3. Role of Golgi reformation during telophase
Once the cells are in telophase, the Golgi membranes begin to
reassemble into two distinct ribbons on the opposite sides of the
nucleus in each dividing cell [48,67]. The larger ribbon is posi-
tioned next to the centrosome in the perinuclear area, while the
smaller one is located in close proximity to the midbody. During
cytokinesis, the smaller Golgi migrates to the opposite side of the
nucleus and coalesces with the larger Golgi. Despite animal cytoki-
nesis is mainly driven by the actin–myosin contractile ring, the
delivery of membranes to the furrow is also necessary to achieve
cell abscission [68]. Interestingly, if membrane transport in mouse
oocyte is blocked, cytokinesis can be completed but asymmetric
spindle positioning and polar body formation are abolished, sug-
gesting that a functional Golgi might be required to establish an
asymmetric cells division [69].5. Conclusion
In conclusion, the mitotic partitioning of the Golgi complex is
composed of distinct, consecutive steps that control different as-
pects of cell division (Fig. 2). The essential step for entry into mito-
sis occurs in G2 and consists of the fragmentation of the Golgi
A. Persico et al. / FEBS Letters 583 (2009) 3857–3862 3861ribbon into isolated stacks and small groups of stacks, which al-
lows the equal distribution of Golgi membranes into the dividing
cells. Then, during mitosis, the disassembly of the isolated stacks
might be permissive for events that are necessary for the comple-
tion of cell duplication, such as spindle dynamics, chromosome
segregation and cytokinetic furrow formation.
The further characterization of the Golgi fragmentation pro-
cess and of the molecular players involved in controlling the dif-
ferent stages of mitosis provides the basis for deﬁning the
mechanisms by which the Golgi complex controls G2/M transi-
tion, with potentially important physiological and pharmacologi-
cal consequences.
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